It is generally believed that the members of Ophioglossaceae have subterranean, potentially bisexual gametophytes, which favor intragametophytic selfing. In Ophioglossaceae, previous allozyme studies revealed substantial inbreeding within Botrychium species and Mankyua chejuense. However, little is known about the mating system in species of the genus Ophioglossum. Molecular marker analyses can provide insights into the relative occurrence of selfing versus cross-fertilization in the species of Ophioglossum. We investigated allozyme variation in 8 Korean populations of the homosporous fern Ophioglossum vulgatum to infer its mating system and to get some insight into the population-establishment history in South Korea. We detected homozygous genotypes for alternative alleles at several loci, which suggest the occurrence of intragametophytic self-fertilization. Populations harbor low within-population variation (% P = 7.2, A = 1.08, and H e = 0.026) and a high among-population differentiation (F ST = 0.733). This, together with the finding that alternative alleles were fixed at several loci, suggests that the number and size of populations of O. vulgatum might have been severely reduced during the last glaciation (i.e., due to its in situ persistence in small, isolated refugia). The combined effects of severe random genetic drift and high rates of intragametophytic selfing are likely responsible for the genetic structure displayed by this homosporous fern. Its low levels of genetic diversity in South Korea justify the implementation of some conservation measures to ensure its long-term preservation. Key words: allozymes, conservation, intragametophytic selfing, Korea, population history, refugium In seed plants, the mating system has been reported to be an important determinant of the genetic structure of plant populations (Loveless and Hamrick 1984; Hamrick and Godt 1989) . In general, outcrossing species maintain most genetic variation within rather than among populations, whereas highly selfing species show the reverse trend (Brown 1979; Hamrick et al. 1979) . Such generalization, however, seems to be problematic in homosporous ferns; whereas some studies support it Soltis DE 1987, 1988; Maki and Asada 1998; Chung MY et al. 2010; Jiménez et al. 2010) , others reveal different patterns (Ranker 1992; Ranker et al. 1996 ). This suggests that more studies on genetic diversity in relation to mating systems are needed for homosporous ferns to draw a firm conclusion on this point.
selfing in seed plants; and 3) intergametophytic crossing to form a zygote via the cross-fertilization between different gametophytes produced by different sporophytes, which is analogous to outcrossing in seed plants . The first type of fertilization (intragametophytic selfing) is exclusive to homosporous ferns and has no analogous forms neither in gymnosperms nor in angiosperms (Wagner et al. 1985) . In Ophioglossaceae, the gametophyte is usually subterranean, nonphotosynthetic, and mycoparasitic (Wagner et al. 1985; Goswami 1987; Harley 1987a, 1987b; Zhang et al. 2004) . Thus, intragametophytic selfing may be favored among the members of this family, because it is unlikely that two spores will land close enough to one another for cross-fertilization to occur, whereas soil particles may impede the movement of the flagellated sperm cells (Klekowski and Baker 1966; Tryon and Tryon 1982; Peck et al. 1990 ). In the absence of genetic load, a single spore could produce a sporophyte via intragametophytic selfing (selffertilization of a haploid gametophyte), enabling the successful colonization of new sites (Lloyd 1974; Wubs et al. 2010) .
Allozymes have been routinely used to infer mating systems of many vascular plants, including homosporous ferns (reviewed in Soltis DE and Soltis PS 1989) . Among the members of Ophioglossaceae, allozyme studies have been conducted in several species of the genus Botrychium, the largest within the family, and in the monotypic Mankyua. These studies revealed that inbreeding within Botrychium species and M. chejuense is the norm (McCauley et al. 1985; Soltis DE and Soltis PS 1986; Watano and Sahashi 1992; Farrar 1998; Chung MY et al. 2010) . However, little is known about the breeding systems in the other two genera of the Ophioglossaceae, Ophioglossum and the monotypic Helminthostachys. Molecular marker analyses can, thus, provide insights into the relative occurrence of selfing versus cross-fertilization in the members of these two genera. If observed heterozygosity is found to be substantially lower than expected heterozygosity, then we will have strong evidence that substantial inbreeding would have occurred through selffertilization via intragametophytic selfing.
Although mating systems are generally considered relatively accurate surrogates for predicting the patterns of genetic diversity in seed plants (e.g., Hamrick and Godt 1989; Hamrick and Godt 1996; Charlesworth 2003) , other factors can also be implicated in shaping it. One of the most significant factors is the evolutionary history of a given species or of a group of populations. For example, the existence of glacial refugia is often invoked to explain high levels of genetic diversity in plant populations, whereas the occurrence of bottlenecks and/ or founder effects (primarily due to postglacial re-colonization events) are generally recognized as causes for low levels of genetic variation (e.g., Barrett and Kohn 1991; Hewitt 1996; Comes and Kadereit 1998; Médail and Diadema 2009; Qiu et al. 2011) . Of particular interest are the Quaternary climatic oscillations (especially the last glacial/interglacial cycle), which had dramatic effects on the levels and partitioning of genetic diversity within and among populations as a direct consequence of the range contraction and/or range displacement of plants toward sites of suitable ecological conditions (e.g., Hewitt 1996 Hewitt , 1999 Hewitt , 2000 Davis and Shaw 2001; Hu et al. 2009 ).
In the Korean Peninsula, the nature of the vegetation present in unglaciated areas during the Last Glacial Maximum (LGM, ca. 20 000 year ago) is not well understood, primarily due to limited pollen and spore records. All these studies suggest, however, that temperate deciduous forests and herbs, including a few ferns, were present in the country during the LGM, at least with a scattered distribution (Kong 2000; Chung C-H et al. 2006 Chung C-H et al. , 2010 Yi and Kim 2010) . Therefore, the Korean Peninsula would have harbored suitable refugia for the temperate flora, but most likely as "northern," "cryptic," or "microrefugia" (Rull 2009; Stewart et al. 2010) since the bulk of the temperate flora suffered a significant glacial southwards retreat (Chung et al. 2012) . Indeed, paleovegetation reconstructions mostly suggest that, although some temperate vegetation remained within the Peninsula, either the boreal vegetation (e.g., Harrison et al. 2001; Hope et al. 2004) or the nonforest vegetation (mainly steppe; Adams and Faure 1997; Zheng et al. 2007) were the dominant (but see Prentice et al. 2011) .
Considering this paleoecological information, together with the singular life cycle of homosporous ferns, particularly in the Ophioglossaceae, we hypothesize three scenarios in relation to the within-population genetic variation and among-population differentiation in temperate ferns native to the Korean Peninsula. In the first scenario, temperate flora would have migrated southwards but small, spatially isolated refugial populations would have been maintained in favorable pockets in the lowland areas of the Peninsula. If the extant populations are derived from several refugial source populations that had experienced substantial random genetic drift (because of their small size), we may expect low levels of genetic variation within and a high degree of genetic divergence among extant populations. Alternatively, if contemporary Korean populations of temperate ferns were originated from a single population (or from a few ancestral populations) that had lost most or all genetic variability, one may expect low levels of genetic variation within and among extant populations. A third, but more unlikely, scenario would be the survival of temperate fern species in numerous and large refugial populations. Under this scenario, descendant populations would maintain high levels of genetic variation and low or high among-population genetic differentiation depending on contemporary levels of gene flow.
In this study, we selected the widely distributed homosporous fern Ophioglossum vulgatum L., which is the most common among the Ophioglossum species occurring in South Korea. We investigated allozyme variation in 8 populations of O. vulgatum to indirectly infer the mating system and to test which scenario of Quaternary population history is more appropriate for the Korean Peninsula.
Materials and Methods

Plant Material and Population Sampling
Ophioglossum vulgatum, 10-30 cm tall, is a terrestrial, homosporous, perennial fern and has a single sterile leaf. The species is widely distributed in the temperate areas of the Northern Hemisphere. It usually occurs in diverse sites such as bogs, damp sands, wet meadows, moist woods, and sandy beaches or hillsides (McMaster et al. 1994) , and the species' occurrence is favored in early successional sites (Tryon and Tryon 1982) . It reproduces both sexually by spores and vegetatively via short erect rhizomes from which numerous slender roots diverge (Cascio and Thomas 1993) . The species frequently reproduces vegetatively through sporophytes arising directly from the roots of parent plants (McMaster et al. 1994) . In April, a single sterile leaf appears above ground, and in June a fertile spike (sporophore) produces sporangia which at maturity discharge numerous whitish spores; during summer, the shoots of individuals dry and disappear. Ophioglossum species are characterized by an extremely large number of chromosomes (ranging from n = 120 to n = 631; Tryon and Tryon 1982) . A chromosome number of n = 120 has been suggested for O. vulgatum (Khandelwal 1990) .
As O. vulgatum also reproduces vegetatively, we collected leaf samples (consisting of half sterile leaf) from one shoot within spatially isolated patches across each population to prevent sampling of clonal ramets. As a result, on average we collected 19 individuals from 8 populations (148 individuals in total) of O. vulgatum to determine its levels of allozyme diversity ( Figure 1 ; Table 2 ). We kept all sampled leaf material on ice until it could be transported to the laboratory, where we stored it at 4 °C until protein extraction.
Allozyme Electrophoresis
We extracted enzymes by finely cutting the leaf samples, adding an extraction buffer , and then crushing them with a mortar and pestle. We absorbed enzyme extracts onto chromatography wicks, and we stored them in microtiter plates in an ultra-cold (-70 °C) freezer until analyzed. We conducted electrophoresis on 13% starch gels, with two buffer systems, and we resolved 21 putative loci from 12 enzyme systems. We used a modification (Haufler 1985) of the system 6 of Soltis et al. (1983) to resolve diaphorase (Dia-1, Dia-2), fluorescent esterase , leucine aminopetidase (Lap), malic enzyme (Me), and triosephosphate isomerase (Tpi-1, Tpi-2). We also used the system 11 of Soltis et al. (1983) to resolve glucose-6-phosphate dehydrogenase (G-6-pdh), hexokinase (Hk), isocitrate dehydrogenase (Idh), phosphoglucoisomerase (Pgi-1, Pgi-2), and phosphoglucomutase (Pgm-1, Pgm-2). In addition, we used the morpholine-citrate buffer system (pH 6.1) of Clayton and Tretiak (1972) to resolve 6-phosphogluconate dehydrogenase (6Pgd-1, 6Pgd-2) and malate dehydrogenase (Mdh-1, Mdh-2, Mdh-3). We followed stain recipes from Soltis et al. (1983) except for diaphorase (Cheliak and Pitel 1984) . We designated putative loci sequentially, with the most anodally migrating isozyme designated as 1, the next 2, and so on. We also designated different alleles within each locus sequentially by a, the next b, and so on. The observed enzyme banding patterns were consistent with their typical subunit structure and subcellular compartmentalization in diploid plants (Weeden and Wendel 1989) .
Data Analysis
We considered a locus to be polymorphic when two or more alleles were observed, regardless of their frequencies. We estimated the genetic diversity parameters within populations using the programs POPGENE (Yeh et al. 1999 ) and FSTAT (Goudet 1995) : percent polymorphic loci (%P), mean number of alleles per locus (A), allelic richness (AR) corrected by minimum sample size (n = 12 at O-5), observed heterozygosity (H o ), and Hardy-Weinberg (H-W) expected heterozygosity or Nei's (1978) gene diversity (H e ). Except for AR and H o , these parameters were also estimated for the total samples as a whole (i.e., at the species level).
We used the program SPAGeDi (Hardy and Vekemans 2002) to calculate population-level F IS (inbreeding) and its significance level by 999 permutations under the null hypothesis of F IS = 0. To measure deviations from H-W equilibrium at each polymorphic locus, we calculated averages of Wright's (1965) F IS and F ST (deviations from H-W equilibrium of individuals relative to their local populations and local populations relative to the total population, respectively), following Weir and Cockerham (1984) . Using the FSTAT, we constructed 95% bootstrap confidence intervals, CI (999 replicates), around means of the F IS and F ST and considered the observed F IS and F ST to be significant when 95% CI did not overlap zero. To approximately estimate intragametophytic selfing rates (s IG ), we followed the method by McCauley et al. (1985) in which they showed F IS = s IG under the assumption that microspatial structuring within populations (i.e., Wahlund effect) is limited.
To determine the relative importance of gene flow and genetic drift at a regional scale, we explored the correlation between-population pairwise F ST (Weir and Cockerham 1984) and linear geographic distance (km) following the approach by Hutchison and Templeton (1999) . We tested a linear regression model by making 999 replicates (Mantel test) using the program PERMUTE! (Casgrain 2001) . Finally, to determine the degree of genetic divergence among populations, we calculated Nei's (1978) unbiased genetic identity (I) and distance (D) between pairs of populations. Using the Nei's D values, we clustered populations into a phenogram using the unweighted pairgroup method with arithmetic averages (UPGMA).
Results
Banding Patterns and Mating System Inference
A diploid genetic condition (isozymic diploidy) has been observed in homosporous ferns despite extremely high chromosome numbers (Haufler and Soltis 1986; ; but see Hauk and Haufler 1999) . The banding patterns of the studied individuals of O. vulgatum observed on the isozyme gels were typical of diploids (i.e., no fixed heterozygosity at any locus surveyed, absence of unbalanced heterozygous patterns, and no more than 2 alleles per locus) and tentatively we assumed O. vulgatum to be a diploid for the purpose of data analysis. To verify the diploidy of this fern, however, inheritance studies (analyses of segregation ratios in gametophytes) would be needed. Of the 21 putative loci surveyed, only 8 (Dia-1, Dia-2, ; Table 1 ) were polymorphic across the 8 populations, which were used to infer the mating system of O. vulgatum. Among the 8 polymorphic loci, we only found a single heterozygous genotype ("ab" at Fe-1), with a low frequency in O-2 and O-3 (only one individual in each population harbored it; Table 1 ). Except for these two cases, all the individuals showed homozygous genotypes for all the loci (Table 1) . As a result, F IS values in the 4 polymorphic populations (O-2, O-3, O-7, and O-8) revealed a significant deficiency of heterozygotes (close to 1.0; Table 2 ) with a grand mean of F IS = 0.980 (95% CI was from 0.932 to 1.000). A very high value of intragametophytic selfing rate (s IG ) was also found for O. vulgatum (Table 3) .
Genetic Diversity and Structure
At the population level, O. vulgatum maintained extremely low levels of genetic variation: mean percentage of polymorphic loci (%P) was 7.2, both mean number of alleles per locus (A) and mean allelic richness (AR) were 1.08, and mean genetic diversity (H e ) was 0.026 (Table 2 ). However, considerably higher levels were found when samples were pooled (n = 148, %P = 38.1%, A = 1.43, and H e = 0.110; Table 2 ). A significant differentiation among populations was found (mean F ST = 0.733, 95% CI was from 0.629 to 0.839), an expected result given the highly skewed allele frequencies at the polymorphic loci; for example, alternative alleles were fixed at 5 loci , and at Dia-1 they were fixed somewhat randomly across populations (Table 4) . Pairwise Nei's (1978) I values between conspecific populations ranged from 0.762 (O-1 vs. O-4) to 0.989 (O-3 vs. O-6) with a mean of 0.902 ± 0.057 (SD), which was within the range of values expected for conspecific populations (average I = 0.911 ± 0.086, n = 16; Soltis DE and Soltis PS 1989) . The apparent discordance between the high multipopulation level F ST and the estimated high mean I value is due to the fact that only polymorphic loci are used for the calculation of F ST , whereas both monomorphic and polymorphic loci are employed for estimating pairwise Nei's I.
A Mantel test of isolation by distance revealed a weak but significant relationship between genetic and geographic distances (β = 0.008, R 2 = 0.100, P = 0.049; Figure 2 ), suggesting that most variation (ca. 90%) in genetic differentiation was due to factors other than geographic distance. The UPGMA phenogram also showed a very weak association between populations in relation to their geographic locations; despite that the closely located populations O-7 and O-8 on Jeju Island were genetically similar, the equally close populations O-2, O-3, and O-4 showed little genetic association (Figure 3 ).
Discussion
Inference of Mating System
Contrary to seed plants, intragametophytic selfing of homosporous ferns results in completely homozygous sporophytes (Klekowski 1972) , an event that can be easily detected by polymorphic codominant genetic markers such as allozymes and microsatellites . As expected, we found extremely high estimates for both fixation index within populations (F IS ) and intragametophytic selfing rate (s IG ) in O. vulgatum (Tables 2 and 3) . It is believed that members of the family Ophioglossaceae have subterranean gametophytes, which may hinder sperm movement and promote a high frequency of intragametophytic selfing (Tryon and Tryon 1982; Dyer 1994) . Consistent with high rates of intragametophytic selfing, previous allozyme analyses carried out in several Botrychium species and in M. chejuense revealed that many individuals were homozygous for alternative alleles at multiple isozyme loci (Table 3) . Thus, we tentatively conclude that the high intragametophytic selfing may be a "rule of thumb" in Ophioglossaceae.
Genetic Diversity and Structure
Populations of O. vulgatum exhibit extremely low levels of genetic variation (H e = 0.026) and a very high genetic differentiation among populations (F ST = 0.733), which is most likely the result of prolonged random genetic drift. Ophioglossum vulgatum produces many closely aggregated shoots that are presumably clonal ramets (Edwards 1982) . The number of genets (genetically distinct individuals) should be considerably smaller than that of clonal ramets in each population, which means that the effective population size (N e ) is much lower than the census population size. In addition, intragametophytic selfing of O. vulgatum can result in completely homozygous sporophytes in a single generation. Thus, even though samples collected in each population are the result of sexual reproduction, the successive selfing of homozygous individuals leads to a colony of clones. Therefore, although inbreeding through intragametophytic selfing per se does not cause the loss of genetic diversity, it may have lead to significant decreases of N e within O. vulgatum populations, further increasing the rate at which genetic diversity is lost due to random genetic drift. Consistent with our explanation, many taxa belonging to Ophioglossaceae harbor lower genetic diversity compared with the average for homosporous ferns (1985) . c Estimates by the method of Holsinger (1987) . (Table 5 ). However, a common pattern for the degree of population differentiation is much less evident, although the number of species for which this parameter is available is still very small; Botrychium ternatum, M. chejuense, and O. vulgatum show high values, whereas B. dissectum and B. viginianum have low estimates (Table 5) . Although data are still limited, the contrasting values of among-population differentiation suggests that mainly historical factors-life-history and demographic traits are probably mostly shared due to phylogenetic inertia ( B. virginianum) , and even among groups of conspecific populations with geographically divergent locations (i.e., different countries; see below section).
Inference of Population-Establishment History
Paleovegetation records have suggested that temperate deciduous forests and herbs, including a few ferns, were presumably present in the Korean Peninsula during the LGM (Kong 2000; Chung C-H et al. 2006 Chung C-H et al. , 2010 Yi and Kim 2010) . However, whether it occurred in large, continuous areas or it remained only in small, scattered pockets is still not clearly known. Data on the patterns of genetic diversity of plant species can offer additional insight into not only their population history but also the dynamics of the temperate flora throughout the Quaternary period (e.g., range contraction toward suitable refugia during the cold phases and a subsequent range expansion during the warm ones) in the Korean Peninsula.
To this aim, we can compare our genetic results with those reported for the same species from Massachusetts (MA) in the United States. McMaster et al. (1994) surveyed the allozyme diversity in 5 populations (n = 157) of O. vulgatum located within MA, using 26 putative loci from 10 enzyme systems, and they did not detect any genetic variation both within and among populations (Table 5) . Since the geographic range size, the number of isozyme loci and enzyme systems, the number of populations, and the total sample size investigated by McMaster et al. (1994) are similar to ours, the contrasting levels of genetic diversity reported by the 2 studies should be attributed to historical factors (e.g., the population-establishment history). During the LGM, the northern United States, including MA, was entirely glaciated, and temperate vegetation remained in unglaciated areas (i.e., glacial refugia) in southeastern United States (Delcourt and Delcourt 1991; Williams et al. 2000; Prentice et al. 2011) . During the Holocene epoch, temperate vegetation re-colonized northern United States from southern glacial refugia. The genetic uniformity found in populations from MA suggests a postglacial, long-distance dispersal event and a subsequent founder effect (perhaps by a single founder individual). Intragametophytic selfing would have further decreased the N e , enhancing genetic impoverishment. In contrast, O. vulgatum in South Korea harbors higher levels of genetic diversity than many taxa of Ophioglossaceae and are not much lower than the average for homosporous ferns (Table 5 ). This study, as well as several previous studies conducted in the montane areas from the Korean Peninsula, suggests that the Peninsula harbored glacial refugia for many boreal and temperate plant species (Kong 2000; Chung et al. 2012) . The low levels of genetic diversity within populations of O. vulgatum and the very high genetic differentiation among them suggest, however, that refugial populations would be small and isolated (i.e., the first scenario). The four populations O-1, O-4, O-5, and O-6 harbor a single homozygous multilocus genotype for each population, and this genotype is different between these populations (Table 1) . This particular genetic configuration for these 4 populations can be expected if they are derived from several source populations that were genetically divergent and that they would have experienced genetic drift, enhanced by intragametophytic selfing. The weak isolationby-distance pattern (correlation is only 10%; Figure 2 ) suggests that random genetic drift operated in these populations coupled with little contemporary spore exchange.
Implications for Conservation
Despite O. vulgatum having a widespread distribution, it has been listed as an endangered species in South Korea (Korea National Arboretum, 2008) . In addition, its low levels of genetic diversity in South Korea justify the implementation of some conservation measures to ensure its long-term preservation. Since this fern exhibits a high degree of divergence among populations, several populations should be targeted for both in situ and ex situ conservation. Considering allelic richness, values of heterozygosity, and the UPGMA phenogram, we suggest that the 2 genetically most divergent populations (O-1 and O-4) and the 2 populations with the highest allelic richness and expected heterozygosity (O-3 and O-8) deserve special preservation in South Korea. A simple measure that can be launched is controlling the plant species competing with O. vulgatum. To achieve it, the commonly cooccurring shrubs and trees in the immediate vicinity should be selectively pruned to provide moderate levels of filtered sunlight. In addition, the surrounding forest canopy may also require periodic thinning. Finally, it is important to note here the species' obligate requirement for an association with arbuscular mycorrhizal fungi (AM) from prothallial stage to the sporophyte stage Harley 1987a, 1987b; Zhang et al. 2004; Wang and Qiu 2006) . Since individuals of O. vulgatum are capable of obtaining all of their water and nutrients from AM, they have little need for environmental tracking through genetic diversity. This probably accounts for their success despite low genetic variability. Thus, it is important to protect or conserve AM to maintain current population sizes of O. vulgatum in South Korea.
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